Introduction
Red-emitting fluorescent dyes are widely used as makers in optical microscopy, biological imaging and sensing, especially in recent years. [1] Good imaging performance in optical microscopy and modern super-resolution techniques [2] demands high absorption coefficients and large fluorescence quantum yields of the markers, their resistance against photobleaching, and low background emission caused by unspecific labeling. However, for practical reasons (e.g., for providing convenient and reliable protocols for labeling), the properties of the reactive marker such as chemical stability, solubility in aqueous media, the possibility to afford high degrees of labeling, and simple handling are also important but not easy to achieve. Due to their good photochemical and photophysical properties, rhodamine dyes are widely used in modern far-field optical microscopy and nanoscopy. [3] Despite their long history and wide use, rhodamine dyes, their preparation and post-synthetic modifications have not been studied in depth, [3, 4] particularly in the case of red-emitting dye 1 (Scheme 1) with promising spectral properties. Recently we reported the synthesis and properties of the red-emitting rhodamine dye KK114 (compound 2 a in Scheme 1), [5] which turned out to be a bright and photostable fluorescent marker in various optical microscopy and nanoscopy techniques. [6] In the conjugated state, the residue of KK114 is negatively charged (due to the presence of the two sulfonic acid groups). The negatively charged dye conjugates do not penetrate through the outer plasma membrane of living cells, [6c] and this feature limits the application scope of this dye. An additional negative charge can also strongly influence the properties of lipids labeled with compound 2 a. [5a] It was therefore necessary to further improve dye KK114 in such a way that its net electrical charge in conjugates could be varied, for example, from + 1 to À3. To Abstract: Fluorescent dyes emitting red light are frequently used in conventional and super-resolution microscopy of biological samples, although the variety of the useful dyes is limited. We describe the synthesis of rhodaminebased fluorescent dyes with absorption and emission maxima in the range of 621-637 and 644-660 nm, respectively and demonstrate their high performance in confocal and stimulated emission depletion (STED) microscopy. New dyes were prepared by means of reliable chemical transformations applied to a rhodamine scaffold with three variable positions. They feature polarity, water solubility, variable net charges, improved stabilities of N-hydroxysuccinimidyl (NHS) esters, as well as large fluorescence quantum yields in dye solutions and antibody conjugates. The photophysical and imaging properties of dyes containing three different polar groups, namely primary phosphate, sulfonic acid (in two different positions), and hydroxyl were compared. A dye with two primary phosphate groups was explored as a valuable alternative to dyes with "classical" sulfonic acid groups. Due to the increased net charge of the phosphorylated dye (q = À4 at pH 8), it demonstrated a far better electrophoretic mobility compared with analogues with two sulfonic acid groups (q = À2).
As an example, one fluorescent dye was designed to be especially conve-A C H T U N G T R E N N U N G nient for practical use. It is characterized by sufficiently high chemical stability of the NHS ester, its simple isolation, handling, and solubility in aqueous buffers, as well as in organic solvents. All these features, accompanied by a zero net charge in conjugates, were accomplished by the introduction of hydrophilic groups of two types: two hydroxyl groups and one sulfonic acid residue.
Results and Discussion
Motivation and possible synthesis strategies: Dye KK114, a very bright and photostable near-IR fluorescent marker (compound 2 a in Scheme 1), has repeatedly demonstrated its excellent imaging performance. [5, 6] The disadvantages of this compound are the lower photostability under confocal conditions (compared to Atto647N; see below), the negative charge in conjugates (therefore they are not cell-permeable) and the relatively low chemical stability of the NHS ester. Another widely used near-IR emitting dye is Atto647N. [7] Its main drawbacks are the lower fluorescence quantum yield in conjugates with proteins (relative to these of KK114), the lipophilic character, which is reflected in a lower imaging contrast due to unspecific binding, and the presence of two diastereomers. The challenging part of this study was to design new rhodamines without these shortcomings while trying to keep or even surpass the valuable properties of the best near-IR-emitting dyes. The most important parameters that have to be maintained are the positions of absorption and emission maxima (excitation with He-Ne laser at 633 nm or diode laser at 635-640 nm; sufficient optical cross section for stimulated emission at 750-775 nm), high brightness (product of the fluorescence quantum yield and the absorption coefficient), photostability under excitation and stimulated emission depletion (STED) conditions (with excitation light of 633 nm and powerful STED beam of 750-775 nm, respectively), hydrophilic character (which hinders the unspecific binding and provides high imaging contrast due to the absence of the fluorescent background), and stability of an amino reactive derivative (NHS ester). The chemical stability of the reactive markers in the solid state and in aqueous solutions is a significant parameter, considering prolonged storage and/or shipping of the samples and their stock solutions, and relatively long (normally 1 hour) reaction times in aqueous buffers at pH 7-9 at room temperature (typical conditions for the conjugation with proteins and other biomolecules).
As regards the active ester of dye KK114 (2 a in Scheme 1), we found that its hydrolytic stability can be characterized as medium (see Table 1 ). The NHS ester can be isolated in the pure state by column chromatography over a normal phase (SiO 2 ) with eluents that contain acetonitrile and water (due to the high polarity of this compound decorated with two sulfonic acid residues). After direct lyophilization of the fractions (without removal of acetonitrile), the solid residue was analyzed by HPLC, and the area of the peak which corresponds to the NHS ester was determined to be about 85-90 % (detection at 636 nm); the starting acid was present in amounts of approximately 10-15 % (HPLC area). Polar solvents, especially water, solubilize a noticeable amount of silica gel, which is difficult to remove completely (by centrifugation and filtration). Silica gel, as an impurity in "dried" solids, always retains some water, which is harmful for hydrolytically unstable substances; as a result, the content of the active ester in the solid material after freezedrying drops down to 60-80 % and even further upon storage under argon at À20 8C. Therefore, an important part of this study was to improve the stability of the NHS esters, maintaining their solubility in polar aprotic solvents (used for the preparation of the stock solutions), to make the markers easier to handle, taking aliquots, ship and store.
The parent compound-rhodamine 1 [9] -is insoluble in water (we could not even record its absorption spectrum in pure water and had to add 10 % (v/v) of methanol), but its spectroscopic properties are very attractive (see Figure 1 and Table 2 ). Upon a closer look, the fluorescent dye 1 possess three variable positions (three functional groups; see Scheme 1), which can be easily transformed in a combinatorial chemistry fashion. However, until our recent study, no attempts to further redshift its absorption and emission Scheme 1. Red-emitting rhodamine dye 1 as a scaffold with three variable positions: A) methyl groups subjected to sulfonation (A 1 ) or oxidation with SeO 2 followed by reduction with NaBH 4 (A 2 ); B) aromatic F-atoms subjected to S N reactions with HSCH 2 CO 2 C 2 H 5 (B 1 ) or HSA C H T U N G T R E N N U N G (CH 2 ) 2 SO 3 Na (B 2 ); C) COOH group subjected to amidation with CH 3 NHA C H T U N G T R E N N U N G (CH 2 ) n COOR (C 1 ), or esterification with alcohols, e.g., allyl alcohol (C 2 ). For a detailed description of the reagents and conditions, see Scheme 2 and Scheme 3; *) see ref.
[5a]; **) see ref. [8] .
bands, to attach a convenient linker with reactive groups (for conjugation with proteins and small molecules), and, finally, to improve its solubility of this compound in aqueous solutions have been undertaken. [5a] We extended the direct sulfonation at the allylic position of rhodamine dyes [10] to tertiary amides of 1 and obtained dye KK114 (2 a; see Scheme 1 and Figure 1 ) with two sulfonic acid residues (and the net charge of À1 in conjugates).
[5a] The structure of this dye has the unique combination of three structural features: the tertiary amide bond, a benzene ring with four fluorine atoms, and two sulfonic acid groups. However, we have not explored any alternatives to the sulfonic acid groups-charged or uncharged polar groups that improve fluorescence quantum yields and hinder the undesired aggregation of the dye molecules in aqueous solutions.
Apart from the "conventional" carboxylic acid function (position C, compound 1 in Scheme 1) and far less exploited "allylic site" (position A), there is another variable position in rhodamine 1, a fluorine atom, indicated as position B. At the beginning of the work with amides of compound 1, we observed the undesirable exchange of one fluorine atom to methoxy group under mild basic conditions (with K 2 CO 3 ) in methanol. [5a, 11] Later, we explored the substitution reaction of one fluorine atom with ethyl thioglycolate (HSCH 2 CO 2 Et) in the allyl ester of sulfonated rhodamine 3 a. [8] After the substitution with thioglycolate had been performed, it was important to learn that the spectral properties of the product 3 b were almost unaffected. In fact, the absorbance maximum in 3 b shifted only by 1-2 nm to the blue region (compared with the allyl ester of 3 a), [8] and the fluorescent quantum yield did not change much either. Therefore, we considered the site with one fluorine atom (position B in compound 1, Scheme 1) as an important tool that could help to change and control the polarity and solubility of the resulting dyes (in the case of using bifunctional thiols with polar groups). It might be also important to remove the most reactive fluorine atom from the fluorescent dye, preventing any uncontrolled reactions with thiol groups in cysteine residues of proteins or amino groups in biologically relevant substrates.
As regards the "conventional" position C at the carboxylic group (Scheme 1), we planned some improvements as well. In our previous studies, we used only one linker, the N-methyl-b-alanine residue (taken as methyl or tert-butyl ester). It would also be interesting to try a longer linker, for example, N-methyl-4-aminobutyric acid, expecting better stability of the NHS ester and, as a result, higher degrees of labeling in aqueous media.
At both allylic sites (positions A in Scheme 1), a direct oxidation to the corresponding diol (4 a, Scheme 1) could be a good alternative to sulfonation.
[12a] Generally, alcohols offer more opportunities for further modifications than any other derivatives.
[12b] Hydroxyl (or hydroxyalkyl) groups alone substantially improve hydrophilic properties, increase solubility in water and slightly increase the quantum yield of fluorescence.
[12a, 5b] Finally, as regards the general strategy of the synthesis, direct modification of a chromophore-containing intermediate (e.g., rhodamine 1) is preferable. Condensation is the crucial final step in the synthesis of rhodamines; it proceeds under harsh conditions and always in the presence of acids. The influence of new substituents and functional groups on this reaction might be absolutely prohibiting and/or require a long time to find proper condensation conditions and suitable protective groups for the hydroxyl.
Hydroxyl-substituted red-emitting rhodamine dyes: Selenium dioxide (SeO 2 ) is one of the softest oxidants, known in preparative organic chemistry. [13] In practice, oxidation of "allylic" CH 3 groups leads to the corresponding aldehydes or mixtures with the alcohols. Subsequent reduction of the aldehydes with sodium borohydride (NaBH 4 ) makes the separation of the two products unnecessary. For the oxidation, 1,4-dioxane (often containing 5-10 % water) is the solvent of choice because it dissolves most organic substrates and SeO 2 as well. In our initial experiments with rhodamine 1 in anhydrous dioxane we observed a fast reaction (with heating) that did produce the desired diol 4 a (Scheme 1) and the corresponding aldhehyde(s) with CH=O group(s) at the allylic site(s), as established by the mass spectrometric analysis. However, side products were also formed and the isolation of the desired oxidized compounds proved difficult. As a result, the isolated yields of 4 a were poor. In aqueous dioxane as the solvent (with up to 10 % water), fewer unidentified side products were detected, although the reaction required a much longer time, even at reflux (at about 100 8C). This reaction required a large excess of the oxidant. Probably, for kinetic reasons, it is crucial to maintain high concentrations of selenious acid (H 2 SeO 3 , the hydrated form of SeO 2 ) in the reaction solution.
Although rhodamine 1 is completely oxidized by SeO 2 in dry dioxane within 30 min at 60-80 8C, the full conversion of the starting material and optimal yield of the oxidation reaction in the presence of water are achieved after heating at reflux temperature overnight. The reaction mixture that contained diol 4 a as a major product and variable amounts of the mono-and di-aldehydes was subjected to an aqueous workup, the dyes extracted, dissolved in ethanol and treated with NaBH 4 (to reduce the aldehydes to diol 4 a). Luckily, Figure 1 . Aqueous solutions of the fluorescent dyes (Scheme 1) exposed to daylight. Left: compound 1; right: compound 2 a (KK114). Note the absence of the red fluorescence in the case of compound 2 a. For spectral and related data, see Table 2 .
www.chemeurj.org this operation did not further reduce the dye 4 a to its colorless leuco-form. Finally, diol 4 a was isolated in a 35-50 % yield (several experiments), which can be considered as quite satisfactory regarding that oxidation with SeO 2 has not been reported for rhodamine dyes so far. We briefly checked if the same reaction sequence was applicable to the preparation of compounds 5-R straight from the tertiary amides of the parent dye 1.
[15] Unfortunately, the method described above (oxidation followed by reduction; see Scheme 2) did not work for compounds 5-R. We chose ester 5-tBu [5a] as a model compound. The oxidation step was relatively clean, but the reduction with NaBH 4 caused nearly complete discoloration of the reaction mixture and led to a complex mixture of (leuco-) compounds. All attempts to reoxidize the reaction mixture to one major product with soft oxidants, like periodates or hydrogen peroxide, failed. One can explain the selectivity of the oxidation and, especially, of the reduction with the borohydride, assuming that the starting compound 1, intermediates and diol 4 a are stabilized in their zwitterionic forms, which are less prone to further reduction than the corresponding cationic forms (e.g., amides 5-R, for which the zwitterionic form is obviously impossible).
Next, the properties of the hydroxylated rhodamine dye, diol 4 a, were studied. In contrast to the parent compound 1, which already precipitated from a 10 mmoL solution in 10 % aq. methanol upon further dilution with water, the solubility of diol 4 a in water was clearly more than 100 mmol L
À1
. Even more importantly, as seen in Table 2 , an increase in the quantum yield of fluorescence was observed in aqueous solutions: from 36 % (compound 1) up to 53-55 % (compounds 2 a,b, 6-H, and 7-H). However, the absorption maximum (621 nm) should be shifted further to the red spectral region for a better match to the emission lines of commercial red lasers (633 nm for a He-Ne laser and 635-640 nm for a diode laser). Amidation of the free carboxyl group is known to provide the required bathochromic shift. Initially, we used N-methyl-b-alanine esters as amino components.
[5]
As mentioned in the introduction, the chemical stability of the dye NHS esters is very important. Expecting to improve it, we used a longer linker, N-methyl-4-aminobutyric acid. The 4-aminobutyric acid residue is incorporated into many commercially available fluorescent dyes which form relatively stable NHS esters. [17] Earlier, we had established that NHS esters of the masked near-IR fluorescent dyes with elongated linking bridges demonstrate very good stability as well. [8] For the preparation of methyl N-methyl-4-aminobutyrate (Scheme 2), the commercial N-Z-4-aminobutyric acid was subjected to the double (N,O-) methylation with methyl iodide in the presence of silver oxide, [16] and then benzyloxycarbonyl (Z) protection was cleaved by hydrogenolysis over palladium catalyst. A solution of HCl in 2-propanol was added to the reaction mixture to block the cyclization of the product to N-methylpyrrolidone. Methyl N-methyl-4-aminobutyrate was isolated as a hydrochloride, which proved to be fairly stable. [14a,b] For the reaction of this amino ester with the hydroxylated dye 4 a we used HATU, an active coupling reagent (Scheme 2), and triethyl amine. In the presence of the amino ester (a strong nucleophile), the free hydroxyl groups did not react and thus require no protection. At low temperatures (À5 to 08C), despite noticeable cyclization of the amino ester to N-methylpyrrolidone in a basic medium, the coupling reaction was complete. The methyl ester 5-Me was saponified, and the resulting dye, free acid 5-H, was isolated in a pure state and explored. The properties of this and other fluorescent dyes are given in Table 2 , and the imaging performance is discussed below. A dye with two hydroxyl [14] These non-linearities may be explained by the fact that at high concentrations the dye 5-H sticks to the glass (quartz) walls of the cuvette. The NHS ester of this dye (5-NHS) is easy to prepare, very stable, yet rapidly reacts with amines and thus provides sufficiently high degrees of labeling with antibodies. The resulting images have high contrast with no agglomerates or fluorescent background (see Figure 3) .
In a free state, dye 5-H exists as a zwitterion and in conjugates the dye residue is positively charged. The zwitterionic character of this dye explains why this compound is only slightly soluble in basic aqueous solutions (e.g., aqueous NaHCO 3 , Et 3 N, or PBS buffer). The limited solubility in water might be a problem in some applications, for example, when high concentrations of the marker in aqueous solutions are required. To improve the solubility in aqueous buffers, we decided to modify dye 5-H with an additional hydrophilic anionic group. A fluorescent marker that bears only one anion-providing group (except the carboxyl group) would be of special interest. In conjugates or in the case of the NHS ester, in which the carboxyl function is occupied, the new dye will have a zero net charge. The resulting dye will be the first one in this series to have hydrophilic groups of two different types.
One fluorine atom in compound 1 and its derivatives (at C-6') can be selectively substituted with nucleophiles and it therefore offers a very useful second variable position (B; Scheme 1). From all available nucleophiles with additional anionic groups, 2-mercaptoethyl sulfonic acid was chosen as a reagent (see Scheme 2) . First attempts to react it directly (under basic conditions) with amide 5-H led to a mixture of products. Luckily, in diol 4 a the free carboxyl group reacted cleanly, and only one fluorine atom was selectively substituted to form 4 b (in the para-position to the carboxyl group, as shown in Scheme 2). This result can be explained if we assume that the aromatic nucleophilic substitution proceeds in the "closed" (lactone) form of the fluorescent dye, in which the carboxyl group forms in fact an ester with an oxygen atom attached to the quaternary carbon (C-9 = C-1'). The ester group is known to be a stronger electron-withdrawing substituent than an amide group or carboxylate anion, and it directs the aromatic nucleophilic substitution preferably into the para-position (to C-6'). ortho-Substitution (at C-4') does not take place at all because this reaction center is sterically hindered and has only one vicinal fluorine atom with a strong ÀI effect, whereas the nucleophilic substitution at C-6' is additionally activated by two neighboring F atoms. Due to the influence of the negatively charged sulfonic acid group (field effect), the thiol group proved to be not as reactive, as was in the case of alkyl mercaptoacetates. [8] The lower reactivity of 2-mercaptoethyl sulfonic acid is an advantage because there is no need to control the reaction conditions very strictly and the reaction was found to be selective and complete at room temperature in the presence of about four equivalents of the nucleophile. The reaction product 4 b can be extracted with dichloromethane in the course of aqueous workup, which separates the inorganic salts, the unreacted thiol, and the small amount of the di-substituted derivative (with two (CH 2 ) 2 SO 3 À groups). The linker (methyl N-methyl-4-aminobutyrate) was attached to dye 4 b according to the standard procedure (as described above for dye 5-H) using HATU as a coupling reagent and Et 3 N as a base (Scheme 2). Saponification of 6-Me with diluted aq. NaOH furnished the free acid 6-H. Isolated as a trifluoroacetate (in the course of the RP chromatography with CF 3 COOH in the eluent),
[14a] the free acid is only slightly soluble in water. However, the solubility is very good when two equivalents of a base (Et 3 N, NaHCO 3 ) are added. Also importantly, the dye readily dissolves in PBS buffer solutions at pH 7.4. Therefore, compound 6-H can be characterized as "amphiphilic" because of its good solubility in all organic solvents, except alkanes.
Luckily, the preparation and isolation of the corresponding NHS ester (6-NHS) did not present much difficulty and its stability proved to be surprisingly high. Particularly, the neat compound does not develop noticeable changes (less than 2 % loss in the content of 6-NHS as established by HPLC) after storage for one day at room temperature in air. Also remarkably, this active ester stays almost unchanged when left for one day in an aqueous PBS buffer solution at pH 7.4 (with dye concentration of 100 mmoL). On the other hand, the marker rapidly reacts with diluted ammonia when added to this solution. In aqueous 0.1 m solutions of NaHCO 3 , this NHS ester is fairly stable for several hours at room temperature, yet hydrolyzed completely when left overnight. We can assume that at pH values in the range of 7-8, compound 6-NHS still exists predominantly in its zwitterionic form. The high stability of this NHS ester can be due to zero net charge of its molecule and the absence of the negatively charged groups in the close proximity to the active ester residue, which never occurred before in this series of dyes. Indeed, the NHS esters with sulfonic (2 a,b) or phosphoric acid groups (7) are negatively charged, whereas those without anion-providing groups have a positive net charge (which requires a counter ion, like in compound 1 a, [5a] Figure 2 ).
The phosphorylated red emitting rhodamine dye: Our first study on rhodamine 1 showed that the introduction of the sulfonic acid groups drastically improves the solubility in aqueous solutions, fluorescence quantum yield, photostability, imaging contrast, ground-state depletion parameters and other valuable dye properties. [5a] Importantly, the absorption and emission maxima were only slightly shifted. Having obtained diol 4 a, we considered other modifications at OH sites so that the dye would get polar and ionizable functional groups with acidic protons. Free hydroxyl groups offer a variety of opportunities for derivatization (especially if the carboxyl residue can be amidated with the functionally sub- 12990 stituted amines, as described above, in the presence of the unprotected hydroxyls). It is clear that the dye modified in this way must be an ester of a strong mineral acid. Esters of mineral acids obviously raise the hydrolytic stability concerns because labeling with fluorescent markers is normally done in aqueous NaHCO 3 or PBS buffer solutions. Moreover, the final steps of the synthesis involve saponification in alkaline solutions, followed by the preparation of NHS esters (with N-hydroxy succinimide) in basic media. Therefore, we had to exclude nitric and sulfonic acid ester groups as candidates. Indeed, esters of these acids are hydrolytically unstable and, in the case of sulfonic acid, are even used as alkylating agents. Phosphoric acid was thus chosen as an alternative functional group. Indeed, this acid has a medium strength, an increased number of acidic protons (relative to sulfuric acid), and most importantly, its primary and secondary alkyl esters are hydrolytically stable at pH 2-12. [18] Finally, decoration with phosphoric acid residues might be "biologically friendly" (e.g., make the dye less poisonous to living cells). To the best of our knowledge, no attempts have been undertaken so far to attach phosphoric acid residues directly to fluorescent dyes. [19] In this respect, phosphoric acid has an advantage over phosphonic acid, [1h, 19b] because it is a much stronger acid. For example, pK a 1 and pK a 2 values for primary alkyl phosphates are 1.5-1.9 and 6.3-6.8, respectively, [20a] whereas for primary alkyl phosphonates, the first and second ionization constants were found to be 2.4-2.8 and 7.8-8.9, respectively.
[20b] Therefore, at pH 8.0-8.3, which is recommended for electrophoresis of DNA and RNA probes, fluorescent dyes with primary phosphate groups will exist in the fully ionized form and move as single bands (peaks). Hydrolytic stability of primary phosphates is also a benefit. The disadvantage of the primary phosphonates as labels for biomolecules is that at pH 7-9 they are present as mixtures of mono-and di-anions, which may form separate bands in the course of capillary (gel)electrophoresis or HPLC analysis.
In biochemistry, phosphorylation of hydroxyl-substituted substrates (O-phosphorylation) is of special importance. [18] One of the best ways of phosphorylation under mild conditions involves the reaction of an alcohol with O,O'-diallyl-N,N-diisopropylphosphoramidite, assisted by 1H-tetrazole, and followed by a one-pot oxidation of the intermediate to the phosphate. [21] In the final step, the allyl ester is cleaved with a palladium catalyst.
[21a] This sequence gives way to a primary phosphoric acid ester with ROP(O)(OH) 2 group(s). We applied this phosphorylation protocol to rhodamine 5-Me and obtained the corresponding bis-diallyl phosphate (7-Me,All) with high yields as shown in Scheme 3. The excess of the phosphorylating agent (diallyl N,N-diisopropylphosphoramidite) and the oxidant (tert-butyl hydroperoxide) did not cause any complications. [14] The cleavage of all four allyl groups with [PdA C H T U N G T R E N N U N G (PPh 3 ) 4 ] proceeded quite smoothly. The methyl ester group in phosphorylated rhodamine 7-Me was saponified in dilute aqueous alkaline solution to the free acid 7-H under the conditions that were used for other methyl esters in this study. Neither primary phosphoric acid ester groups nor fluorine atoms in the aromatic ring reacted with alkali under these conditions. The final product of the synthesis-dye 7-H (Scheme 3) with two primary phosphate groups and a free carboxylic acid group-demonstrates high extinction and a large fluorescence quantum yield, which is as high as those of compounds 2 a,b and 6-H. Importantly, dye 7-H is perfectly soluble in aqueous PBS or NaHCO 3 solutions and moderately soluble in pure water. However, the solubility of this dye in water containing an excess of trifluoroacetic acid, which completely suppresses the ionization, is very low. The absorption band is slightly shifted to the red spectral region, relative to compound 6-H. As regards the NHS ester of the phosphorylated dye 7-H, under conventional conditions of HPLC analysis (0.1 % TFA, pH % 2), it always gave two to three unresolved peaks of variable intensity. [14] This is probably due to the equilibrium between the protonated and deprotonated forms in the substrate under acidic conditions at a pH that corresponds to the pK a 1 value of the phosphate group. We also noticed that in the course of the chromatographic isolation of the NHS ester (both over regular SiO 2 and RP-SiO 2 ), trifluoroacetic acid strongly increases the adsorption of this compound so that mobile phases with triethylamine were used for elution. [14] Despite the difficulties with its analysis, the NHS ester of the phosphorylated dye (7-NHS) clearly consisted of the required compound predominantly. In the ESI mass spectrum, the peak with the required mass dominates strongly; the material completely reacts with diluted aqueous ammonia (HPLC). An important feature is that the solution of 7-NHS in aqueous NaHCO 3 , which is relatively stable alone, reacts with NH 3 very quickly. Most importantly, the amine-reactive compound 7-NHS provides sufficiently high labeling degrees, when being coupled to antibodies. The phosphorylated dye 7-H demonstrated good imaging performance, especially in STED microscopy (see Figure 3) . Sulfonated dye with a longer linker and relative stability of NHS esters: In an earlier study, comparing the stability of the NHS esters of the dye with and without sulfonic acid groups (compounds 1 a and 2 a in Figure 2 ), much better stability of the latter was noticed. [5a] We believe that, together with other benefits, the SO 3 H groups in the dye stabilize the NHS ester. This was also in line with the results of our previous study on certain carbopyronine dyes with an elongated linker that contained one sulfonic acid residue.
[5b] To evaluate the influence of the linker length on the stability of NHS esters, we obtained the analogue of dye KK114 (2 a, Scheme 1) with the linker elongated by one methylene group (2 b, Scheme 1) and explored the stability of its NHS ester. The data is presented in Tables 1 and 2 . In fact the NHS ester of the dye without the sulfonic acid groups (1 a) proved impossible to isolate.
[5a] Dye 2 b was synthesized starting from the sulfonated rhodamine 3 a, [8] as shown in Scheme 1. Exploring dye 2 b, which is spectrally identical to dye 2 a (KK114), we did observe better hydrolytic stability, especially in the course of isolation. The latter involves evaporation and freeze-drying of aqueous solutions, which always caused a noticeable hydrolysis in case of 2 a-NHS. The hydrolytic stability of the two compounds (2 a-NHS and 2 b-NHS) in dilute aqueous solutions is similar, yet the longer-chained homologue (2 b-NHS) is more stable. The stability of the NHS esters for three dyes (2 a, 2 b, and 6) in water and PBS buffer are compared in Table 1 . For the dyes with two sulfonic acid groups, PBS buffer strongly accelerates the hydrolysis, compared with pure water. Remarkably, compound 6-NHS (Scheme 2) is very stable in PBS buffer even at room temperature. It should be noted that all three dyes have sulfonic acid groups, yet their positions and number are different. We noticed that one sulfonic acid group is enough to provide good solubility in water; it also gives zero net charge to the molecule of an (active) ester or to the zwitterionic dye residue in bioconjugates. Probably, the better hydrolytic stabilities of the NHS esters correlate with a zero charge of the molecule (at least in this series of zwitterionic dyes). This is also true for the active ester 6-NHS and the NHS ester of the carbopyronine dye with one sulfonic acid group described in our previous study (compound 22-NHS in ref.
[5b]). Both of them demonstrated very good hydrolytic stability, whereas the NHS ester of the analogue without sulfonic acid group (compound 1 c in ref.
[5b]) is rather unstable in water. In this regard, it is worth mentioning that it was not even possible to isolate the NHS ester of the "lipohilic" rhodamine without sulfonic acid groups (1 a, Figure 2 ) in satisfactory yields. [5a] In the present study, we explored the "hydroxylated" analogue 5-H of compound 1 a (Scheme 2, Figure 2 ) with the same net charge of + 1, the NHS ester of which is fairly stable. One concludes that the hydroxyl groups can stabilize active esters in aqueous solutions. From the three dyes with sulfonic acid groups discussed above (2 a, 2 b, and 6-H), dye 6-H is clearly the best as regards the stability of the NHS ester. To sum up, compound 6-H combines the following structural features: three polar hydrophilic groups of two types, including one SO 3 H moiety that provides a zero net charge to the zwitterionic molecule of the marker and the dye residue in conjugates, and the elongated linker bridge that generally increases the stability of the active esters. As a result, dye 6-H and its NHS ester, as zwitterions, are soluble in most organic solvents. High stability, purity, and reproducibly high content of 6-NHS (> 95 % HPLC area) are advantageous for taking aliquots, followed by evaporation of the solvent in vacuo. An opportunity to take precise amounts of a marker, in turn, is very important when controlled degrees of labeling are required. Also importantly, inorganic salts and silica gel are easy to remove from solutions of 6-NHS in non-polar organic solvents.
Spectral properties and imaging performance of modified near-IR emitting dyes: Table 2 presents the most important photophysical properties of ten dyes. Amidation of the carboxyl group (position C) produces a noticeable bathochromic shift of 10-20 nm (cf. Figure 1) . In the series of the five dyes with linkers (1 a, 2 a, 5, 6, and 7 in Figure 2 ), all absorption maxima lie in the narrow region between 632 and 638 nm. Therefore, all these dyes may be efficiently brought into the first excited state (S 1 ) with a He-Ne laser (633 nm), or with the red line of a diode laser (635-640 nm). As expected, the ionizable groups (sulfonic acid and primary phosphate residues) increase the quantum yield of fluorescence and the solubility in water, relative to the non-substituted dyes 1, 1 a, and 4 a. The more intense fluorescence of the sulfonated and phosphorylated dyes is due to the hydrophilic ionizable groups preventing the aggregation of the dye molecules and/or the formation of non-emitting dimers in aqueous solutions. [22] The sulfonation increases the quantum yield of fluorescence more than the hydroxylation (compare the values for compounds 3 a and 4 a, as well as 2 a and 5-H in the last column of Table 2 ). In water, compounds 1, 1 a, and the "hydroxylated" dyes (except 4 b) demonstrate deviations from the Beer-Lambert law. For example, in Table 2 one can see that the "actual" extinction coefficient is lower than anticipated for dyes 4 a, 5, and 6. Such deviations are typical for dyes with limited solubility and are due to adsorption (or even precipitation) on the quartz surface of a cuvette. Therefore, these dyes are very likely to form aggregates in water. Nevertheless, for these hydroxA C H T U N G T R E N N U N G yl- 
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A C H T U N G T R E N N U N G ated dyes with linkers (5-H and 6-H), the quantum yields of fluorescence in solutions are as good as that of the sulfonated and phosphorylated analogues (2 a, 2 b, and 7). [23] One can see that substitution at the allylic sites (position A in compound 1, Scheme 1 and Figure 2 ) practically does not shift the absorption and emission maxima (AE 6 nm). The sulfonic acid group which substitutes one of four fluorine atoms in the aromatic ring (position B in compound 1, Figure 2 ) only slightly increases the fluorescence quantum yield (compare dyes 4 a and 4 b, Table 2 ). This is also true for the carbopyronine dye that had a sulfonic acid group attached to the linker.
[5b] Thus, two ionizable groups in the allylic positions of the rhodamine scaffold have a crucial influence on the efficiency of emission.
Remarkably, the replacement of the fluorine with thiol moiety (2-mercaptoethyl sulfonic acid) practically did not shift the absorption and emission bands in the dyes (compare dye 4 a with 4 b, and 5-H with 6-H in Table 2 ).
In conjugates with antibodies, the absorption and emission bands of the fluorescent markers are further shifted to the red region by approximately 5 nm, relative to the starting dye in the form of an acid. This means that the small hypsochromic shift in dyes 5-H, 6-H, and 7-H (2-5 nm; see Table 2 ) compared with dye KK114 (2 a), is insignificant regarding their practical use as fluorescent markers. To evaluate the imaging performance of the dyes in conventional and super-resolution microscopy, six dyes were coupled to secondary antibodies and used for immunofluorescence labeling of tubulin. The following dyes were used: four new dyes with linkers (2 b, 5, 6, and 7), and two reference dyes, KK114 (2 a)
[5] and Atto647N. [7] Several factors influence the performance of a fluorophor in imaging applications: brightness of the fluorescent label (proportional to the absorption coefficient and the fluorescence quantum yield), sufficient degree of labeling, photostability of the dye, solubility of the fluorophor (which does not unspecifically bind with proteins and can be completely removed after coupling), and so on.
It is typical that in conjugates with antibodies the quantum yield of fluorescence decreases. [24] The fluorescence quantum yields (F fl. ) in conjugates with antibodies often depend on the degree of labeling (DOL): [25] higher quantum yields are observed at lower DOL values (see values with footnote [c] in Table 3 ). For the new dyes, in antibody conjugates, the fluorescence quantum yields were found to be very high (up to 53 % or even 64 %; see data in Table 3 ). These are, in fact, the highest quantum yields of fluorescence that have ever been reported for the near-IR emitting fluorescent dye conjugates.
We found that all new dyes are suitable for immunofluo-A C H T U N G T R E N N U N G resA C H T U N G T R E N N U N G cence assays. The confocal and STED nanoscopy images were bright, demonstrated good signal-to-noise ratio, and excellent optical resolution. [26] In this respect, the tested new dyes seem advantageous compared to Atto647N (Figure 3) . Table 2 . Properties of red-emitting rhodamine dyes (Figure 2 ).
Dye Polar groups
Linker Net charge [a] Solubility in PBS buffer, pH 7.4 NHS ester stability in H 2 O or PBS buffer [a] In conjugates; in the free acid the charge is one unit more negative.
[b] In water with 10 % methanol. [c] Deviations from the Beer-Lambert law due to the low polarity/solubility; extinction is lower than anticipated due to adsorption on a quartz surface.
[d] Only slightly soluble in pure water, well-soluble in basic media, including aqueous NaHCO 3 .
[e] In conjugates with Goat-anti-Rabbit antibodies, compounds 2 a and 5-H have F fl. = 40 and 53 % at degrees of labeling (DOL) 2.2 and 0.7, respectively.
[f] Lifetimes of the exited state for 2 a and 7-H are 3.4 and 3.6 ns, respectively. Figure 3 , and evaluation of bleaching rates, as shown in Figure 4 . [c] 9 15 [c] 46 64 12 DOL Table 2 ). Table 2 .
If we compare the experimental values for the relative brightness in Figure 3 with the calculated values DOL F fl.
(last line in Table 3 ), we may conclude that among the hydrophilic rhodamine dyes, the brightness of the images (under confocal conditions) is only very roughly correlated with the labeling degrees and fluorescence quantum yields in conjugates. According to the data in Table 3 , dyes 6-H and 7-H are expected to provide the brightest images. However, the highest brightness was detected for the phosphoA C H T U N G T R E N N U N G ryl-A C H T U N G T R E N N U N G ated dye 7-H and compound 2 b. Moreover, as expected, dyes 2 a and Atto647N give images that are darker than the images obtained with other dyes. Another important imaging parameter associated with brightness is the contrast, or the absence of the fluorescent background. In this respect, compounds 2 a and 7-H are the best because they demonstrate high contrast and very low background (compare the STED images in Figure 3 ). The imaging performance of the two hydroxylated dyes 5-H and 6-H is virtually the same, which is in a good agreement with their properties in aqueous solutions (which are also similar; see Table 2 ). The sulfonic acid group attached to position B of the scaffold (see Scheme 1 and Figure 2 ) affects only solubility and the stability of the NHS esters.
To evaluate and quantify the photostability of the new dyes, bleaching curves under confocal and STED conditions ( Figure 4 ) were recorded. For this purpose, the tubulin cytoskeleton of fixed PtK2 cells was labeled using the antibodies described in Table 3 . The total fluorescence signal of the same area in the immunolabeled cell samples over the course of several scans was then compared. The photostability of the reference dye Atto647N under confocal conditions is the highest (under irradiation with 640 nm light). That is not surprising, and can be explained by the absence of the C=C double bond in the structure of Atto647N.
[5b]
However, under STED conditions (under irradiation with very strong 760 nm light), dyes 5-H, 6-H, and 2 b were found to be more photoresistant than Atto647N. Moreover, three new dyes (5-H, 6-H, and 7-H) appear to be more photostable than KK114 (2 a). These results indicate that, unexpectedly, the hydroxyl groups protect the fluorescent dyes from photobleaching at least as well as sulfonic or phosphoric acid residues, or even better.
Studies on the intracellular availability of the new fluorescent dyes: Microscopic imaging of protein dynamics and distribution in living cells is one of the most important tasks in Table 3 ), and that influences the brightness of the images. Scale bar: 5 mm.
www.chemeurj.org [27] Modified cellular enzymes are applicable for covalent addition of a dye that in this case has to be bound with a certain small molecule. However, only a limited number of dyes are currently available for these labeling strategies. The most important requirement for the dyes used in these labeling strategies is that a sufficient amount of it needs to pass through cellular membrane(s) to reach the target protein.
Dyes with positive or zero charged residues are the most promising candidates for testing the cell permeability. [28] Therefore we chose methyl esters 5-Me (with a positively charged dye residue; q = + + 1) and 6-Me (with an uncharged moiety; q = 0) as model compounds imitating the corresponding conjugates of dyes 5-H and 6-H. To explore the permeability of the cell membrane, the following protocol was used. The living mammalian cells (PtK2) were grown overnight on cover slips, and were then subjected to 1 mg of a dye in 1 mL of the growth medium for 10 min at room temperature (the amount of dye used for the labeling of SNAP-fusion proteins is generally below 5 mg in 1 mL). After that, the cells were washed with a pure growth medium (without a dye), and imaged using an epifluorescence microscope ( Figure 5 ). We found that both dyes cross the cellular membranes and are incorporated into cellular structures, although to different extents. As visible in Figure 5 , the zwitterionic dye 6-Me can hardly be detected in the cell, whereas the positively charged dye 5-Me enriches the cellular structures, even if it is applied in high dilution. It may thus be useful for the new labeling strategies in living cells. It is not a trivial result because the dye molecule is large and relatively heavy (M % 1000). In this respect, it is important to note that compound 5-H gave bright and high contrast fluorescent images under confocal and STED conditions (Figure 3) , so that the method of STED nanoscopy is expected to be applied for example in studying the SNAPtagged protein distribution using amides prepared from compound 5-H. The neutral (zwitterionic with a zero net charge) dye 6-Me was found to be less cell-permeable, as can be seen in Figure 5 (at least at low concentrations).
Electrophoretic mobility of the sulfonated and phosphoryl-A C H T U N G T R E N N U N G ated fluorescent dyes: To estimate the actual negative net charges in dyes 6-H, 2 b, and 7-H in aqueous solutions (at pH 8), these compounds were analyzed by capillary gel electrophoresis with laser-induced fluorescence detection (CGE-LIF), utilizing a standard capillary DNA sequencer. [14a, 29] The electropherograms of the three dyes 6-H, 2 b, and 7-H are presented in Figure 6 . Although the main emission wavelength of the excitation source (argon laser (488 nm)) does not match the absorption bands of the dyes, these compounds have sufficient absorption at 514 nm, and can be excited by this weaker line of the argon laser (514.5 nm). The Table 3 ). This may influence the bleaching rates for different fluorophores. www.chemeurj.org molecular masses of the compounds 7-H, 2 b, and 6-H, their molecular shapes and thus their hydrodynamic radii are similar. Therefore, their relative migration times depend almost exclusively on their negative net charges. Comparing the migration times of the distinct peaks, one can clearly see that the electrophoretic mobility of a dye is directly proportional to its negative charge. Thus, the migration time of the phosphorylated dye 7-H (with two OP(OH) 2 groups and net charge q = À4) is two times shorter than that of 2 b (the analogue with two SO 3 H groups and q = À2), and the migration rate of 2 b is half that of 6-H (one SO 3 H group, q = À1). Figure 6 proves that at pH 8, all the anion-providing groups, particularly primary phosphate, are completely ionized. Thus, it was shown that phosphorylation is indeed a new efficient tool to drastically increase the electrophoretic mobility of a dye. One small additional peak near the main peak of 2 b appears probably due to the presence of amide rota-A C H T U N G T R E N N U N G mers. The existence of these rotamers was confirmed by NMR spectroscopy (see the Supporting Information), in which certain signals are split.
Conclusion
Three variable positions in a scaffold of a rhodamine dye (1, Scheme 1 and Figure 2 ) were utilized to obtain red-emitting fluorescent dyes with new valuable properties. Particularly, direct oxidation of the two methyl groups attached to the double C=C bonds to the corresponding allylic alcohols was explored. This transformation gives way to a more hydrophilic compound with a considerably increased fluorescence quantum yield (in aqueous solutions), and certain solubility in water, although the starting material is insoluble. Hydroxylation does not introduce an additional negative charge and therefore does not inhibit cell-permeability. Derivatives of compound 5-H (e.g., methyl ester 5-Me in Figure 2 ) with two hydroxyl groups and positively charged dye residue readily cross the cellular membranes, even if applied in high dilution. On the other hand, compound 6-Me, with a zero net charge, proved to be far less cell-permeable. Importantly, aliphatic tertiary amides (dyes with a linker for conjugation) were prepared from the precursors with free carboxylic acid group without protection of the hydroxyl. The dye with two hydroxyl groups and an amide linker demonstrated very high fluorescence quantum yield as a free acid and in conjugates with antibodies (at low degrees of labeling).
The hydroxymethyl residues in a rhodamine dye were transformed into the primary phosphate groups. This study is the first to describe a fluorescent dye with two primary phosphate residues, which are expected to make the compound more "bio-compatible". The phosphorylated dye (7-H in Figure 2 ) was shown to be an important alternative to widely used sulfonated fluorescent dyes. High polarity and the increased (relative to the sulfonic acid residue) number of acidic protons in the phosphorus-containing dye results in good solubility in neutral and basic aqueous solutions (pH > 7), accompanied by high fluorescence quantum yield. Far better electrophoretic mobility (at pH 8) is the result of the higher net charge (q = À4) of the phosphorylated dye.
Moreover, a third variable position was involved to improve the water solubility of the hydroxyl substituted dye. One of the four fluorine atoms in the aromatic ring was selectively exchanged to the residue of 2-mercaptoethyl sulfonic acid-the commercially available bifunctional reagent. This modification did not affect the spectral properties very much and provided an "amphiphilic dye" (6-H, Figure 2 ), which forms an exceptionally stable active NHS ester. Thus, a convenient fluorescent marker was developed, which provides excellent imaging performance, is well-soluble in most organic solvents, aqueous PBS buffer, or NaHCO 3 solutions, and is easy to purify and handle. The influence of three polar substituents (hydroxyl, phosphoric, and sulfonic acid) on the spectral properties and the imaging performance of the near-IR-emitting rhodamine dye were explored. In many respects, both hydroxyl and phosphoric acid ester groups proved to be viable alternatives to "classical" sulfonic acid groups. Special attention was paid to the stability and solubility of the corresponding amino-reactive markers (the NHS esters), which are very important and often decisive in many biological applications. Finally, a simple method for preparation of methyl N-methyl-4-aminobutyrate hydrochloride was used. This ester represents a versatile linker for the preparation of (amino) reactive markers with improved stability.
The new dyes demonstrated excellent imaging performance in conventional and super-resolution microscopy and perfectly matched the required spectral parameters.
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